While various mechanisms have been proposed for the water transfer during osmotic dehydration (OD), little progress has been made to understand the mechanisms of solute transfer during osmotic dehydration. The transfer of solutes has been often described only by the diffusion mechanism; however, numerous evidences suggest the participation of a variety of mechanisms. This review deals with the main issues of solute transfer in the OD of vegetables. In this context, several studies suggest that during OD of fruits and vegetables, the migration of solutes is not influenced by diffusion. Thus, new theories that may explain the solute transport are analyzed, considering the influence of the plant microstructure and its interaction with the physicochemical properties of osmotic liquid media. In particular, the surface adhesion phenomenon is analyzed and discussed, as a possible mechanism present during the transfer of solutes in OD.
Introduction
Osmotic dehydration (OD) is essentially a mass transfer process, involving the immersion of food in hypertonic solutions that produces 2 major and simultaneously operating countercurrent flows. These include water flow from the inside of the sample into the osmotic solution and solute flow from the solution into the product. The driving force for water removal and solute gain is the concentration gradient between the solution and the intracellular fluid (Corrêa and others 2010; Bellary and others 2011; Sutar and others 2012; Silva and others 2014) .
The mechanism extensively used for explain mass transfer of water and solids is diffusion and a number of investigators used Fick's unsteady state law of diffusion to estimate the water or solute diffusivity, however, experimental resultants suggest that diffusion mechanism cannot fully explain solid transport.
Solute transfer during OD is a complex phenomenon, because it includes process conditions, physicochemical properties of the osmotic agent and structural material properties. For example, 2 periods have been reported, "dewatering" caused by the outgoing of water from the food interior and "impregnation," due to the major distribution of solutes from the solution in surface material areas (Raoult-Wack and others 1989; Rastogi and others 2002; Shi and Xue 2009) . Therefore, the mechanisms responsible for the transfer of solutes have not yet been elucidated, and several approaches have been proposed, the 1st approach involves the scales of analysis: macro and micro. The 2nd approach takes into account the plant cellular structure and the 3rd approach heeds the physicochemical properties of the osmotic agent. In this review, are presented others mechanisms previosly not applied in OD, that could give rise to new theories to explain the solid transfer.
Macroscopic analysis of solute transfer
In this approach, plant foods have been considered as isotropic, homogeneous, and continuous, yet foods are undeniably complex structures, multiphasic, and multicomponent. JFDS-2016 -2083 Submitted 12/13/2016 , Accepted 7/31/2017 . Authors are with Inst. Politécnico Nacional, CIIDIR Oaxaca, Hornos 1003 .
The relevant equations and mathematical models in the literature focus on the solute transfer, controlled by diffusion of the osmotic agent in the plant solid phase. The estimation of the diffusion coefficient for the solid gain (D ss ) is based on the various solutions to Fick's law (El-Aouar and others 2006; Rahman and Perera 2007; Tortoe 2010; Seguí and others 2012; Akbarian and others 2013) .
These solutions assume a simplified concept of the phenomenon, where D ss represents the inherent material characteristics that limit the solute flow and consider any change in the internal or external concentration of material. The global character of D ss does not differentiate mechanisms or particular phenomena of transport or impregnation of solutes.
Experimental literature data suggest that other phenomena, in addition to molecular diffusion, are present in the transport of solutes during OD. For example, certain solutes (for example, sucrose) used in OD of fruits do not diffuse into the plant tissue but are impregnated into the outer layers, forming a surface barrier around the food (Raoult-Wack and others 1989; Najafi and others 2014; Sluka and others 2014; Gallegos-Marin and others 2016).
Microscopic analysis of solute transfer
Recent publications have addressed solute transfer from a microstructural approach, considering the properties of the material (that is, porosity, density, shrinkage, specific volume, tortuosity, permeability), the physical properties of the solute (that is, particle size, molecular weight, molar volume), as well as the structural and the mechanical properties changes in the food (Aguilera 2005; Mayor and others 2008; Seguí and others 2012; Pieczywek and others 2016; Ramya and Jain 2016) . However, studies about solute transfer have not included the influence of the chemical composition of the plant tissue and its interaction with the chemical properties of the osmotic solution. The physicochemical properties of the osmotic solutions and the structural characteristics of the plant tissues may induce a different behavior in the transfer of the solutes. Solutes with ionic properties, such as sodium chloride and calcium salts, diffuse into the interior of plant tissue, while others with polar properties (for example, sucrose) adhere mostly to the surface.
In the solute transfer, the polar compounds are retained in the plant tissue, depositing in the extra-and intracellular spaces (Raoult-Wack and others 1989; Sereno and others 2001; Sutar and others 2012; Najafi and others 2014; Sluka and others 2014) . The cells surrounding the extra-and intracellular spaces contract, the solid matrix deforms, and the extra-and intracellular spaces change in size, modifying the concentration profiles of the solute within the food. Then, the higher concentrations of the solute are impregnated in the external areas of the food, forming a layer on the food surface.
In the transfer of ionic solutes (for example, sodium chloride), the solute diffusion into the product can be explained by the chemical bonding between the solute and the solid matrix compounds. The chemical reactions at the food-solution interface modify the resistance of the wall and cell membrane, favoring the entry of the solute. Process conditions (for example, temperature, concentration) can also cause changes in plant cell structure.
Considering the influence of the chemical properties of osmotic solutions (that is, polar and ionic solutes) on solute transfer, the solutes interact by intermolecular interactions and chemical bonds with the components of the solid plant matrix. These interactions condition the characteristics of solute transport (that is, impregnation or diffusion) and suggest that phenomena, such as surface adhesion, electrochemical phenomena and electrostatic forces, are involved in the transfer of solutes during OD.
For the comprehension of these phenomena, it is necessary to understand the cellular structure and the transfer of solutes through the cell, as well as properties of osmotic solutions.
Solute transfer through the plant cellular structure
Plant tissue consists of cells separated by a porous cellular wall, a membrane and the cytoplasm (Figure 1 ). Solute transfer occurs due to the molecular movement of the osmotic solution components into the food via the cell wall and the semipermeable membrane (Raoult-Wack and others 1989; Cheryan 1992; Jayaraman and Das Gupta 1992; Rastogi and Raghavarao 1996) .
In the plant cell, the cellular wall does not present selectivity to the solute transport, while the cell membrane is selectively permeable (that is, semipermeable) and controls the movement of the osmotic solution solids (Shi and Maguer 2002; Phisut 2012) . The diffusion or impregnation of the solutes in the osmotic solution through the plant cell membrane depends on the process conditions, the ability of the membrane to shrink or stretch, and the physicochemical properties of the cellular structures. The operation conditions, such as temperature, pressure and some techniques used in the OD (for example, vacuum, blanching, freezing, high pressure, ohmic heating, pulsed electric field and ultrasound), modify the permeability of the membrane, allowing the limited entry of some solutes (Mújica-Paz and others 2003; Sablani and Rahman 2003; Corrêa and others 2010; Phisut 2012; Sutar and others 2012) .
The membrane permeability depends on the ability to shrink or stretch, which, in turn, depends on the growth or turgor within the living cell. When a plant food is immersed in a hypertonic solution, the cells in the 1st layer come into contact with the osmotic solution and begin to lose water, due to the concentration gradient between the cells and osmotic solution. Consequently, the cells begin to shrink. Later, a chemical potential difference of water between the 1st and 2nd cell layers in the food is established. Afterward, the 2nd cell layer begins to pump water to the 1st cell layer and then shrink. These structural changes have been studied to determine the association between cellular structure and the water and solutes transfer in OD (Lerici and others 1988; Cháfer and others 2001; Matusek and Merész 2002; Mauro and others 2003; Mayor and others 2008; Mebatsion and others 2008; Tortoe 2010; Sluka and others 2014; Pieczywek and others 2016) .
The physicochemical properties of the main cellular structures, cell wall, membrane and cytoplasm are involved in the transport of solutes. The plant cell wall is composed of long chains of polysaccharides, amino acids, and other polymers. The ionic selectivity property of the cell wall has been reported as low and is assumed to be an electric field, according to Donnan's theory, allowing the passage of solutes from the osmotic solution (Dainty and others 1958) . The plant membrane is considered semipermeable due to its properties of dimensional, ionic, and electrochemical selectivity. The combined gradient between voltage and chemical activity (that is, the electrochemical gradient) is the driving force for the diffusion of solutes across the cellular membrane (Vázquez 2002; Basu and others 2014) . The charge distribution on both sides of the membrane and the chemical properties of the solute influence the transport of the solids. The electrochemical properties of the membrane facilitate the diffusion of the ionic solutes through the membrane channels. The electrical potential difference between the cytoplasm and cell membrane is the driving force for the transmembrane diffusion of ionic compounds (mainly compounds with Na + and K + ions) into the cytoplasm (Kronzucker and others 2006; Anil and others 2007) .
Solute properties in the OD process
The physicochemical properties (for example, particle size, molecular weight, pore distribution, polarity, ionic properties, and so on) of the solute used as the osmotic agent and the process conditions (for example, temperature, concentration and agitation of the solution) influence the transport of solutes (Badui 2006; Bekele and Ramaswamy 2010; Phisut 2012; Sutar and others 2012; Pereira da Silva and others 2015) .
The osmotic solutions can be ionic and nonionic polar (Badui 2006) . The most commonly used ionic compounds are sodium chloride (NaCl) and calcium salts, used mainly in vegetables and tubers (Nishadh and Mathai 2014; Pereira da Silva and others 2015) . The nonionic polar substances, such as sucrose, glucose, fructose and sweeteners like stevia, have been commonly used in fruit (Shi and Xue 2009; Ferrari and others 2011; Bhupinder and Bahadur 2016; Landim and others 2016) and in some vegetables (Matusek and Merész 2002; Sutar and others 2012; Sluka and others 2014) .
Several results show that certain solutes diffuse inward and toward the center of the solid matrix, while others are impregnated on the surface. These observations suggest that the composition of the plant matrix and the physicochemical properties of the solutes influence the ability of solutes to permeate the cell wall and membrane. By nature of their chemical properties (polarity and ionic character), solutes interact with food components via electrochemical phenomena (electrical attraction) or electrostatic forces (intermolecular interactions).
Conversely, aspects, such as the solute-food organoleptic compatibility, water solubility, and ability to reduce water activity (a w ) within the food, are essential in the selection of the solute. The water solubility of the solute guarantees its uniform concentration in the osmotic solution (Sutar and others 2012) .
Mass transfer mechanism
The influence of internal and external resistance on the transfer of components, together with the nonhomogeneous, multiphase, and multicomponent characteristics of the plant tissue, hamper the understanding of the mechanisms present in solute transfer. The external resistance is governed by the dynamics of the interface fluids, while the internal resistance is conditioned by the properties of the structures that comprise the plant cell tissue (cell wall and cell membrane permeability), the changes that occur during the process and the interaction with the solid plant matrix compounds. Besides, the external resistance is negligible compared to the internal resistance. Generally, these key aspects have neither been considered in the identification of the mechanisms involved in the solute transport nor in the determination of the transfer coefficients. Consequently, several authors determine the solute transfer using a macroscopic approach to decipher the diffusion mechanism, which only considers that the OD is produced under a uniform moisture gradient and the solids diffusion coefficient is constant during treatment.
Based on the macroscopic concept of the diffusive phenomenon as a mechanism to explain the transport of solutes, numerous investigations report diverse behaviors in the solute migration. The diffusion of salts, such as sodium chloride, into the matrix and the impregnation of the external areas of the material by sugars, such as sucrose (Raoult-Wack and others 1989; Rastogi and others 2002; Matusek and Merész 2002) suggests that some solutes diffuse toward the center of the food, while others adhere to the surface. These findings and the influence of the internal resistance of the cellular structure on the solute transfer indicates the existence of other mechanisms, in addition to the diffusion involved in the transport of solids during OD.
Effect of driving forces on the mechanisms involved in solute transport. In osmotic phenomenon, the thermodynamic forces capable of inducing a multicomponent flow through the plant tissue are associated with the chemical properties of the osmotic solutions. In the solutes transport, the osmotic pressure is a function of factors, such as concentration, temperature, and pressure. In isothermal conditions, only the concentration and the pressure are influencing factors. The chemical potential is inversely proportional to the concentration of the solution and is described by the following expression:
where μ w is the chemical potential of water, μ w0 is the chemical potential in a standard state, R is the gas constant, T is absolute temperature, and a w is the water activity coefficient.
The interaction between 2 systems with different states of energy is due to the exchange of energy, where the equilibrium state is reached when the chemical potentials of the systems are equalized. The pressure required to attain a state of equilibrium between the pure solvent and a solution is called the osmotic pressure (Van 't Hoff equation):
where is the osmotic pressure, V is the molar volume, and a w is water activity.
In ionic osmotic solutions, the movement of the particles is affected by 2 thermodynamic forces. One of these forces depends on the concentration gradient or water activity, whereas the other depends on the electric potential gradient of a cell membrane with respect to one type of ion (Eq. (3)).
where μ w0 is the water chemical potential, a w is the water activity associated with the chemical potential differences in the food-osmotic solution system, V P is used when there are pressure gradients in the system, and zF · E is the electrical potential (Choat and others 2010).
Conversely, the migration of ions by diffusion in an electric field during the transfer of ionic solutes is restricted by the internal resistances of the vegetal tissue. The ionic and electrochemical selectivity of the plant membrane modifies the permeability to the passage of the solutes. Considering that the equilibrium of the chemical potential inside the membrane is equal to the chemical potential of the exterior, the following equations can be obtained:
From this relationship, the Nernst equation (Eq. (6)) is obtained that allows to calculate the electrochemical potential (E), during the transfer of solids through the various structures of the plant cell (Vázquez 2002) .
In the Nernst equation, concentration values can be used instead of water activities because it is difficult to determine the a w in the cellular components, particularly in the cytoplasm. In plant cells, the difference in the electrochemical potential (E) between the interior and exterior ranges from -50 to -250 mV.
Mechanism of diffusion. The diffusive mechanism is supported by Fick's law and is calculated using Crank solutions (Eq. (7)) for different geometries (Crank 1975 
where C is the moisture concentration, t is time, x is the spatial coordinate of the position (dimension in which diffusion occurs, distance from the center of the plate), and D is the diffusion coefficient.
The driving force of the diffusion is the concentration difference and this theory is based on the principles of molecular diffusion. Molecular diffusion of liquid solutions through porous materials, unlike gas diffusion, depends on the characteristics of the components being transferred and is a measure of the rate at which the components diffuse (Treybal 1989 The solutions of Crank (1975) have been used to estimate the apparent or effective diffusivity of the solutes (D ss ) (Fito and others 2001; Li and Sun 2002; Okos and others 2006; Orikasa and others 2008; Mulyawanti and others 2010) . These solutions assume boundary conditions that assume an idealization of the phenomenon, limiting its practical applications (Rastogi and others 2002; Iguaz and others 2003) .
The assumptions of the solution equation of diffusion considers the following: the material is isotropic; the humidity content is constant throughout the food; the geometry is semi-infinite and the mass transfer is unidirectional, and the osmotic agent is a semiinfinite source, requiring a mass-to-solution ratio sufficiently large to maintain a uniform driving force during dehydration. However, such large proportions are not recommended for practical purposes because they increase production costs. In addition, analytical solutions of the equation are limited to geometry, such as cylinders, cubes, and spheres.
The shrinkage and the external resistance to mass transfer are neglected and effective diffusivity coefficient of solids (D ss ) includes the variation of the food tissue physical properties, the influence of the characteristics of the solution, and the process variables (Parjoko and others 1996; Okos and others 2006; Orikasa and others 2008) .
New theories in solute transfer
Bioadhesion. In the transport of solutes in OD, several authors have suggested that other phenomena, in addition to diffusion, are present in the process. However, there has been no further study of other mechanisms to explain the impregnation of solutes on the food surface.
The bioadhesion phenomenon describes the capacity of some naturally derived macromolecules, to adhere to or impregnate, living biological tissues. Bioadhesion is a surface phenomenon, resulting from the combination of physical and chemical interactions that occur at the bioadhesive-substrate interface. The presence of attractive or repulsive forces between the atoms and molecules on the surfaces of the adhesive and the substrate depends on the characteristics of the adhesive and the properties of the tissues (Kinloch 1987; Mathiowitz and others 1999; Lloyd and Swarbrick 2001; Veselovsky and Kestelman 2002; Vallejo and Perilla 2008; Baldan 2012) .
For the study of bioadhesion in the OD process, the plant matrix can be considered as the biological surface and the osmotic solution as the bioadhesive. In order to explain solute transport in OD, the bioadhesion by molecular interactions allows the formation of new bonds between a chemical group on the plant matrix and a compatible chemical group in the osmotic solution.
In this type of interaction, the molecules of the compounds with equal or similar electronegativity exert attractions on their pairs due to the polarity of their bonds. These molecules, with a permanent dipole moment, undergo dipole-dipole and hydrogen bond intermolecular interactions, due to the attraction between the positive extreme of a polar molecule and the negative extreme of another molecule with similar property (Peppas 1985; Vallejo and Perilla 2008) .
Adsorption thermodynamics theory. In the bioadhesion phenomenon, the theory of adsorption thermodynamic explains the adhesion as surface forces that generate associations between the adhesive and the tissue. The intermolecular forces that exist between the adhesive and substrate may be hydrogen bonds, dipole-dipole interactions, and Van der Waals forces. According to this theory, bioadhesion occurs when the adhesive comes into contact with the wet surface of the tissue and is calculated by the interfacial free energy of the adhesive/adherent, also called the bioadhesion work (W A ) (Eq. (8)) (Bruinsma and Sackmann 2001; Vallejo and Perilla 2008) .
The bioadhesion work can be explained thermodynamically as the sum of the surface tensions of the bioadhesive material (γ b ) and the biological tissue (γ t ), minus the surface tension at the interface (γ bt ), according to the Dupre equation (Eq. (9)) (Vallejo and Perilla 2008; Baldan 2012; Lobato and others 2013) .
Adhesion work in bioadhesive compounds with polar properties was studied by Owens and Wendt (1969) . The equation of ) defines the dispersion and polar forces between the molecules of the bioadhesive and the surface of the material, caused by the electronegativity difference between the atoms.
For OD using sucrose solutions, the polar sucrose molecules can associate with polar molecules of equal nature located in the cell wall and membrane (glycosides).
In bioadhesion, the thermodynamic study of the interface defines the surface or interfacial tension (γ ) as the increase in Gibbs free energy in the system and is the result of the increase in the interfacial area, when the process is performed under conditions of constant temperature and pressure (Vallejo and Perilla 2008) (Eq. (11) ).
Electrostatic attraction theory. Ionic and covalent bonds occur on contact of the molecules at the adhesive-adherent interface. In this instance, the bioadhesion force will depend on the type of bond and the number of these bonds per unit area. Conversely, electrostatic attraction occurs when a medium with a net positive charge interacts with another molecule with negative net charge and vice versa. The cell plant presents an unequal distribution of positive and negative charges that is known as the charge difference or membrane potential. The electrostatic attraction in bioadhesion exists because the adhesive-bonding system is electronically charged, as a result of the contact between the adhesive compound and the plant tissue possessing different electronic structure (Vallejo and Perilla 2008) . Bera and Roy (2015) Magee model
The Magee model has been the best fit compared to other models for the solute gain of plant food. Sangeeta and Singh (2013) ; Ramya and Jain (2016) Model of Palou and others can be assigned a physical meaning; k is associated with the rate of solute transfer due to the osmotic-diffusional mechanism; k 0 quantifies the solutes gain during short processing times. This model is valid for short times and for the 1st stages of OD. Giraldo and others (2003) ; Moreira and Sereno (2003) Page
Holowaty and others (2012) Penetration model
This model is valid for short periods of times. For use, it is necessary that the external solution concentration remains constant and the resistance at the surface is negligible.
Checamarev and others (2014) Weibull's distribution model
This model is about the probability distribution functions used to describe the behavior of complex processes, with some degree of variability, such as OD. The time required for SG SG ∞ to reach the value (1 − e −1 ).
Assis and others (2015)
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Name Equation Geometry Reference

Crank solutions
∞ n = 0 1 (2n + 1) 2 exp (2n + 1) 2 π 2 4 D s s × t l 2 Infinite flat plates Crank (1975) ; Rastogi and others (2002) ; Moreira and Xidieh (2004) 
Hough and others (1993)
This model considers the solute transfer and shrinkage during OD.
Assis and others (2015)
Modeling of solute transfer
The transfer models applied in the dehydration processes have been classified as theoretical and empirical models. The theoretical models provide information about the action of the phenomenon and its relation to the structure of the material. Instead, empirical models consider, as a starting point, a phenomenon observed experimentally, providing information limited to the conditions under which the experiment was realized.
For solute transfer during OD, the following 3 modeling approaches have been applied:
(1) Models that correlate the variable of the process of solid gain (SG).
(2) Models based on Fick's law of diffusion.
(3) Models that consider the effect of the internal resistance of plant tissue (changes in cellular structure).
Empirical and semiempirical models have been proposed in the 1st approach. These models do not consider the phenomenological mechanisms involved in the process, depend strongly on the experimental variables, and are only valid for the conditions used in the experiment. However, they can be applied to different geometries (Table 1) , particularly to the nonclassical ones and some of the models allow to predict the equilibrium values (Azuara and others 2002; Waliszewski and others 2002; Orikasa and others 2008; Assis and others 2015) .
The 2nd approach addresses the phenomenological models obtained from the solutions of Crank to Fick's law that represents the diffusional mechanism. These solutions infer a group of simplifications that convert the diffusion model into an empirical equation, despite its theoretical basis ( Table 2) .
The 3rd approach is based on the development of mechanistic models. These models consider the physical properties of the plant tissue, changes in cell structure during the process, shrinkage, multicomponent interactions, and internal resistance (Ochoa-Martínez and Ayala-Aponte 2005; Assis and others 2015). Toupin and others (1989) developed a mathematical model using an extended form of Fick's 2nd law, which allows describing the solute transfer and thermodynamics of irreversible processes in the transmembrane transport including the variables of membrane permeability and diffusivity based on the porosity-tortuosity ratio of the cell wall to the cell volume. Marcotte (1991) modified the Toupin model, with the objective of thermodynamically describing the phenomena that act on the solute transfer in the osmotic process, using sucrose as the solute. Consequently, it was reported that sucrose migration was limited to the extracellular spaces, due to the selective permeability of the cell membrane. Spiazzi and Mascheroni (1997) developed a mathematical model for solute transfer that considered the tissue characteristics, the product geometry, the osmotic solution and the osmotic solution-to-product mass ratio. Arballo and other (2012) used the model of Spiazzi and Mascheroni (1997) to represent the OD of pear, by considering, in the equation, the solute transfer through the cell membranes and between intercellular spaces.
Conclusions
In the literature are published continuous advances in mass transfer area (water and solutes) during the OD of vegetal foods and to study the mechanisms involved in the water transfer at macroand microstructural level. Some parameters as osmotic agent's properties, the structural characteristics of the plant matrix, and the nonhomogeneous plant tissue, can cause the solutes migration by diffusion or food impregnation, while the mechanisms involved in solids transport have not been elucidated today.
The solute transfer with a macroscopic approach has been explained by diffusion mechanisms. The global character of the solid diffusion coefficient, supposes a simplified concept of the phenomenon. Under this approach, the identification of diffusion or impregnation mechanisms during solutes transfer is limited.
On the other hand, solutes transfer under microstructural approach has been focused on the relationships between food physical-mechanical properties and the solutes physical properties used as osmotic agent. However, the interaction between the solute's chemical composition and the structural characteristics of plant matrix is not considered. This interaction could explain the solids diffusion or impregnation of solute in superficial layers of the food through the migration of natural compound as saccharides and sweeteners, acting as chemical barrier against the solutes diffusion to determine the concentration gradients in the product-osmotic solution interface. The observed finding in the diffusion or impregnation process in solutes transference suggests that other mechanisms, in addition to the diffusion, can be present in the migration of the osmotic agent toward the food.
Modeling the solutes transfer in plant tissue at macroscopic level has been made in a very empirical way. In this framework, solutes transfer models controlled only by the diffusion in the solid phase of the food and applying the differential equation of Crank to the law of Fick were developed, in order to determine the transfer coefficient and assuming some simplifications to include the diffusion model into an empirical equation, despite its theoretical basis. Other models, like semiempirical models, were used to describe the solid gains in the materials, but these models do not consider the phenomenological mechanisms involved in the process, strongly depend from the experimental variables, and were only valid for the experimental conditions used.
In the mass transfer study at the microscopic level, theoretical models were proposed to consider biological cell structures, tissue properties, and particularly water transfer. These models are not suitable to be used in solid transference studies, mainly due to: r diffusion or impregnation of the solutes makes it difficult to clarify the phenomena and mechanisms involved in solids transport;
r the food microstructural parameters are difficult to measure and to calculate from the mathematical point of view.
On the other hand, the chemical properties of the osmotic agents determine the way (by diffusion or impregnation) of solute transference in the material. In experimental results, the diffusion of ionic solutes like the salts inside the food and the surface impregnation of polar solutes such as sugars has been reported by several researchers. This solute behavior suggests that in addition to diffusion, other mechanisms such as surface bioadhesion, electrochemical principles, and/or electrostatic forces, can be present in the migration of the osmotic agent into the food.
There is evidence that bioadhesion could explain the solutes impregnation in plant matrices. Within the framework of the bioadhesion phenomenon, it has been found that due to the polarity of some adhesive compounds, intermolecular interactions at the biological tissue-adhesive interface occur. During OD in the food-osmotic solution interface, intermolecular interactions take place because of the polarity of the sugars in solution and the water contained inside the fruits. In this context, bioadhesion by physical-chemical interactions can explain why a high volume of these solutes is retained on the plant material surface during solute transfer in OD process.
So far, there is no evidence in the application of bioadhesion to study the solutes transference during OD. There are some limitations to apply the bioadhesion principles in plant foods: r tools and methods to experimentally determine the parameters of bioadhesion in food, r mathematical equations and models that exist nowadays cannot cover the implicit properties of the fruits and vegetables.
In the study of the solutes transfer during the OD process, there are still some gaps. The phenomenological and experimental models currently used are not sufficient to determine the influence of material microstructural properties in the solids transport, being necessary the development of theoretical models, which must con-sider the surface phenomena to explain the solid impregnation and internal phenomena such as diffusion, allowing the selection of the most suitable model according to the physicochemical properties of the solutes used.
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Nomenclature
R Universal gas constant, atm cm 3 /mol K T Absolute temperature, K a w Water activity coefficient, adimensional V Volume, m 3 P Pressure gradient, Pa zF Electricity amount, V E Electrochemical potential, V C Moisture concentration kg/m 3 t Time, min D Diffusion coefficient, m 2 /s x Spatial coordinate of the position, m W A Surface free energy or bioadhesion work, m J/m 2 G Gibbs free energy, J/mol A Area (Eq. 11), m 2 P Pressure, N/m 2 a 1 , a 2, k 1 , k 2 Empirical parameters of Raoult-Wack's model, adimensional SG Solid gain kg solid gain/0.1 kg sample l Half thickness of the slab, m S Solid content kg dry solids/kg total weight A y K Magee's parameters (Table 1) 
